Abstract-Aminoglycoside interactions with various phospholipids were measured in three model systems and compared with the ototoxicities of the drugs: (a) competition for [ "'Clneomycin binding; (b) competition for "5CaZ+ binding; and (c) effect on surface pressure of monomolecular lipid films. The efficacies of the antibiotics in displacing neomycin from phosphatidylserine, phosphatidylinositol or phosphatidylinositol bisphosphate were netilmicin > neomycin 2 gentamicin; the efficacies in displacing calcium from phosphatidylinositol, phosphatidylinositol phosphate or phosphatidylinositol bisphosphate were netilmicin > gentamicin > neomycin % kanamycin > spectinomycin. Neither measure correlated well with the ototoxicities of the drugs which were quantitated at equimolar drug concentrations in cochlear perfusions: neomycin > gentamicin 2 tobramycin > netilmicin 2 amikacin. When monomolecular films of phosphatidylcholine with phosphatidylserine, cardiolipin, phosphatidylinositol, or phosphatidylinositol phosphate or bisphosphate were challenged with neomycin, the phosphatidylinositol bisphosphate film showed a unique dose-dependent increase in surface pressure while the others showed a decrease or no significant effect. The abilities of aminoglycosides to increase the surface pressure of a film of phosphatidycholine : phosphatidylinositol bisphosphate (1: 1 molar ratio) in the presence of 3 mM CaCl, correlated well with their toxicities. Non-ototoxic cations increased the film pressure or left it unaffected. The results confirm the unique interactions between aminoglycosides and phosphatidylinositol bisphosphate as a possible basis of a mechanism of toxicity and development of a drugscreening system.
(b) competition for "5CaZ+ binding; and (c) effect on surface pressure of monomolecular lipid films. The efficacies of the antibiotics in displacing neomycin from phosphatidylserine, phosphatidylinositol or phosphatidylinositol bisphosphate were netilmicin > neomycin 2 gentamicin; the efficacies in displacing calcium from phosphatidylinositol, phosphatidylinositol phosphate or phosphatidylinositol bisphosphate were netilmicin > gentamicin > neomycin % kanamycin > spectinomycin. Neither measure correlated well with the ototoxicities of the drugs which were quantitated at equimolar drug concentrations in cochlear perfusions: neomycin > gentamicin 2 tobramycin > netilmicin 2 amikacin. When monomolecular films of phosphatidylcholine with phosphatidylserine, cardiolipin, phosphatidylinositol, or phosphatidylinositol phosphate or bisphosphate were challenged with neomycin, the phosphatidylinositol bisphosphate film showed a unique dose-dependent increase in surface pressure while the others showed a decrease or no significant effect. The abilities of aminoglycosides to increase the surface pressure of a film of phosphatidycholine : phosphatidylinositol bisphosphate (1: 1 molar ratio) in the presence of 3 mM CaCl, correlated well with their toxicities. Non-ototoxic cations increased the film pressure or left it unaffected. The results confirm the unique interactions between aminoglycosides and phosphatidylinositol bisphosphate as a possible basis of a mechanism of toxicity and development of a drugscreening system. Perilymphatic perfusions were carried out in male albino guinea pigs (200-250 g) as previously described [14] . In brief, glass capillaries were implanted into the basal turns of the Scala tympani and the scale vestibuli of the cochlea after a conventional ventral surgical approach. Artificial perilymph with or without 10mM aminoglycoside was perfused for 60 min at a rate of approximately 30#,/min. The cochlear microphonic potential was monitored continuously via a recording electrode in the Scala tympani in response to broadband noise (50 Hz to 10 kHz) delivered by a calibrated earphone attached to a speculum placed directly before the tympanic membrane. An intensity of 70 dB normally yielded a response of 250-330 pV. Animals with a microphonic potential of less than 200 PV were excluded from the studies.
Monofayer studies. The subphase consisted of 0.05 M HEPES (pH = 7, p = 0.2), and its surface was swept clean by vacuum suction. The film-forming lipid was spread in hexane : ethanol (95 : 5, v/v) to the required initial surface pressure. A stationary 5 ml syringe, whose needle remained below the film throughout the experiment, delivered the drug into the subphase which was stirred by a Teflon-coated magnetic bar at low speed without disturbing the lipid film. The surface pressure was measured by the Wilhelmy plate method, with a roughened platinum plate suspended from a torsion balance which was sensitive to surface pressure changes of 0.1 dyn/cm. The film was allowed to stabilize for 30min before various concentrations of cationic compounds were injected into the subphase. Ten minutes of stirring preceded each surface pressure reading. Each run was in duplicate, and reproducibility was usually within 0.1 to 0.2 dyn/cm.
RESULTS
binding studies. The affinities of various aminoglycosides to phospholipids were determined by their abilities to displace [ i4C]neomycin. Neomycin binding to phosphatidylserine or phosphatidylinositol showed conventional Lineweaver-Burk and Scatchard plots: phosphatidylinositol, K, = 229 * 68 PM; phosphatidylserine, two sites K,, = 59 + 1 PM, K,,,,, = 265 2 120 /lM. Neomycin binding to phosphatidylinositol bisphosphate was complex, indicating positive cooperativity similar to observations made for calcium binding (below). Relative binding affinities were therefore assessed by neomycin displacement at fixed drug concentrations (Table I) . As expected, at equimolar concentration neomycin (USP grade) displaced about 50% of the radiolabeled compound. With phosphatidylserine and phosphatidylinositol, netilmicin was significantly more effective than gentamicin or neomycin. With phosphatidylinositol bisphosphate the three drugs were equally effective.
Calcium displacement. Calcium binding to phosphatidylinositol and phosphatidylinositol phosphate showed a single binding site, each with K, = 0.87 ? 0.42 mM (N = 17) and K, = 0.40 2 0.30 mM (N = 3) respectively. Inhibitor constants (Table 2) ranked netilmicin, gentamicin, and neomycin highest while kanamycin and spectinomycin were considerably less inhibitory. Calcium binding to phosphatidy!inositol bisphosphate showed positive coop- and PhIPz, phosphatidylinositol bisphosphate. t Differs from gentamicin (P < 0.01) and neomycin (P = 0.04). $ Differs from gentamicin and neomycin (P < 0.01). . We now tested mixtures of various acidic phospholipids with phosphatidylcholine to examine how the acidic phospholipids behave upon addition of calcium and neomycin in the presence of a neutral phospholipid. While most of the pure phospholipids produced stable monolayers, phosphatidylinositol bisphosphate monolayers were unstable (desorbed into the subphase) and required at least an equimolar amount of egg lecithin to maintain physical stability. Phosphatidylcholine was chosen as the neutral phospholipid since its film does not change pressure upon addition of neomycin (Fig. 1) . Mixed films of phosphatidylcholine and phosphatidylinositol bisphosphate at a higher molar ratio of 2: 1 gave essentially similar results, but lacked sensitivity, i.e. showed a reduced magnitude of interaction with aminoglycosides.
An initial surface pressure (ni) of 12.5 dyn/cm was chosen since the effect of aminoglycosides was independent of JCi in the range of 9-21 dyn/cm. The stabilities of the mixed lipid films were confirmed by following the changes in surface pressure of the films over the period of time required to conduct the experiments (3 hr). All mixed lipid films maintained a constant surface pressure after equilibration. centrations is not fully understood.
It is possible that the segregation of the phosphatidylinositol bisphosphate and phosphatidylcholine molecules in the film varies with the concentration of Ca*+ . At 3 mM Ca*+, the spacing between the molecules may be optimal for the interaction of neomycin with phosphatidylinositol bisphosphate. The change in surface pressure of various anionic phospholipid-phosphatidylcholine (1: 1) films was measured as a function of neomycin concentration (Fig. 1) . Films of phosphatidylinositol-phosphatidylcholine, and cardiolipin-phosphatidylcholine were condensed, whereas films of phosphatidylserinephosphatidylcholine were unaffected by addition of neomycin.
The surface pressure of phosphatidylinositol phosphate-phosphatidylcholine films increased slightly starting at 10m5M neomycin, whereas that of phosphatidylinositol bisphosphate- Table 3 . Effect of calcium on neomycin-induced changes of surface pressure* Changes of surface pressure (An)
While the effect of neomycin on the lipids was not affected drastically by the above parameters, its magnitude was dependent on Ca*+ concentration (Table 3 ). The greatest change in surface pressure was induced at 3 mM Ca2+. The slight decrease in the change of surface pressure at higher Ca*+ con- phosphatidylcholine films increased greatly starting at very low neomycin concentrations (lo-* M). Next, the change in surface pressure of phosphatidylinositol bisphosphate-phosphatidylcholine (1: 1) films was determined as a function of aminoglycoside concentration (Fig. 2) . The two non-ototoxic fragments of neomycin, neamine and methylneobiosamine_, condensed the film. All aminoglycosidic antibiotics tested, with the exception of spectinomycin, expanded it to some degree. Spectinomycin, a clinically used aminocyclitol drug for treating gonorrhea, is not considered to be ototoxic [15] . Neomycin, highly ototoxic, induced the greatest increase in surface pressure, gentamicin and tobramycin an intermediate increase, while netilmicin and amikacin were the least effective.
The magnitude of the individual interactions varied with the calcium concentration as discussed earlier for neomycin; the rank order of the aminoglycosides, however, remain unchanged.
Cochlearperfusions. The toxicities of these aminoglycosides were tested in cochlear perfusions.
Irreversible loss of the cochlear microphonic potential is the measure of ototoxicity quantitated either by the initial rate of loss or the loss after 30min of drug application (Table 4) . Based on this comparison of equimolar amounts of drug, neomycin was more toxic than gentamicin and tobramycin which, in turn, were more toxic than amikacin and netilmicin. Spectinomycin affected the microphonic potential only acutely and reversibly. The recovery induced by Ca*+ was in contrast to the irreversibility of gentamicin [14] or of even the weakest toxic drug, amikacin. Spectinomycin, therefore, did not have the aminoglycoside-like toxicity to the cochlear microphonic potential. were perfused for 30min. Experiment B: As A. but after drug perfusion artificial perilymph with 10 mM Ca*-was per: fused for 30min (wash) [14] . Numbers are means ? S.D. of N experiments.
DISCUSSION
Several criteria have to be met by a viable model system of drug action. First, the model should be representative of the primary membrane action rather than of a secondary effect, such as delayed interactions with nucleic acid [16] or glycolytic enzymes 1171. Second, the model should incorporate the chemical uniqueness of the affected organs, i.e. in case of aminoglycoside toxicity, the inner ear and kidney. Studies based on the interaction of aminoglycosides with ubiquitous cellular components such as nucleic acids, glycolytic enzymes, or major phospholipids
[9] do not address the question of why aminoglycosides are not toxic to the wide variety of tissues containing these compounds.
In contrast, tissue distribution of polyphosphoinositides is not uniform-high in nervous tissue and kidney [H-and may account for the target specificity of the aminoglycosides.
In the inner ear, these lipids have been demonstrated in all tissues by radioactive labeling [lo, 191 and localized to plasma and mitochondrial membranes by immunohistochemistry [20] . Third, the model should encompass the microenvironment of the proposed "target" molecule rather than treat it as an isolated chemical entity. For instance, physiological cations such as Ca'+ should be considered since they may crucially modulate drug binding. Fourth, the model should predict the relative ototoxicity of a series of aminoglycosides.
Although a number of model studies do show some degree of correlation with clinical toxicity, it seems significant that netilmicin generally ranks as too toxic [9, 211, and the non-ototoxic drug fragment neamine reacts as a "toxic" aminoglycoside
[6]. A biological receptor site must be considered in its microenvironment. This is particularly true if the binding site is part of a membrane structure and fixed within definite boundaries. Interactions of a drug with the receptor could thus lead to perturbations of the orientation, not only of the receptor proper, but of larger domains of the membrane, leading to changes in membrane fluidity and permeability. For example, a given aminoglycoside may interact with all negatively charged membrane components; the extent of perturbation of membrane structure, however, may vary and may not even directly correlate with the individual binding constants. Rather, membrane perturbations and physiological consequences will depend on how the primary interaction affects the microenvironment of the binding site. "Toxicity", therefore, may be reflected better in vitro if the model encompasses some of the complexity of the natural environment.
in its interaction with neomycin [23] . Experimental comparison with other lipids (Fig. 1 ) indeed confirmed this prediction. While cations in general, as well as aminoglycosides, interact with films of anionic lipids by decreasing surface pressure, an increased pressure is seen in the case of neomycin/ phosphatidylinositol bisphosphate. This atypical interaction may be based on an electrostatic 3-point fit between the negatively charged groups of phosphatidylinositol bisphosphate and three of the positively charged amino groups of neomycin [23] . This interaction would displace calcium and orient neoThis concept seems clearly supported by the present study. "Simple" interactions such as drug binding or calcium displacement do not correlate with the toxicity of the drugs. Netilmicin, for example, possesses low oto-as well as nephrotoxicity, yet has a binding affinity similar to those of the highly toxic neomycin and gentamicin. This finding is essentially in agreement with a report of gentamicin binding to phospholipids and its displacement by other aminoglycosides from renal brush border membranes [9] , which ranked netilmicin between the toxic neomycin and tobramycin/gentamicin.
As the authors pointed out, such a rank order reflects the cationic structure of the drugs rather than their toxicities.
A similar problem of measuring charge rather than toxicity was also seen in a study of the influence of aminoglycosides on the mobility of liposomes in the absence of calcium [6] . The highly charged (+4) neamine ranked among the toxic aminoglycosides. Neamine must, however, be considered non-ototoxic since it is without effect, even when directly introduced into the inner ear [5] .
The displacement of calcium represents a somewhat more complex system as it takes into consideration the presence of a physiological counterion to the acidic lipids. We had shown previously that toxic aminoglycosides and non-toxic derivatives all compete with calcium binding to synaptosomal membranes [22] . A recent study by Liillmann and Vollmer [21] , essentially confirming our earlier work on aminoglycoside-lipid interactions, also demonstrated that the diversely toxic neomycin, gentamicin, netilmicin or dibekacin all have approximately the same capability of displacing calcium from phosphatidylserine monolayers. The results presented here thus confirm and extend the notion that displacement of calcium alone is not sufficient to explain the toxicity of aminoglycosides.
The model of aminoglycoside-lipid interactions that seems to meet all criteria best is based on surface pressure changes induced in a mixed monomolecular film of lecithin and phosphatidylinositol biphosphate. The latter lipid had been identified as a primary site of drug effect in viuo [lo, 191 and as a neomycin receptor [ll] . Based on an examination of molecular models of various negatively charged phospholipids and neomycin, we had postulated that phosphatidylinositol bisphosphate should be unique mycin in the film such that the resulting complex assumes an area-determining position leading to film expansion. A penetration of the drug into the film may be ruled out as it is energetically highly unfavorable because of the strong hydrophilic properties of aminoglycosides. The rank order of aminoglycosides obtained in this system apparently yields an excellent correlation with the toxicities of the drugs quantitated by cochlear perfusion. This latter technique introduces the drugs (each at the same molar concentration) directly into the cochlea and thus measures an intrinsic (or potential) toxicity that may be higher than that determined in vivo [24] . Drug actions in vivo are influenced by renal clearance and resulting serum levels as well as by the existence of a blood-hemolabyrinthine barrier. Further complicating toxicity rankings from published in vivo observations is the fact that in most studies the aminoglycosides are administered on an equal-weight basis or in multiples of their clinical dosage. For rational structure-toxicity determinations, however, measurement of the intrinsic molecular toxicity is essential. This intrinsic molecular toxicity is obtained from cochlear perfusions (neomycin > gentamicin 2 tobramycin > netilmicin 2 amikacin) and is in good agreement with the toxicities of the drugs as extrapolated from clinical observations or in viuo animal studies [25] . Spectinomycin as well as neamine and methylneobiosamine [5] are non-ototoxic.
The refined monolayer system presented here not only accurately ranks the toxicities of aminoglycosides regardless of their charge but also clearly differentiates non-toxic cationic compounds. It is primarily the latter aspect that is most improved over the previously suggested "polyphosphoinositide" monolayer. The study also establishes that, of the two polyphosphoinositides, it is phosphatidylinositol bisphosphate which is unique in its interaction with aminoglycosides. While extrapolations from in vitro studies of monolayers to biological membranes must be made with caution, the results presented here are strongly supportive of the hypothesis that (oto)-toxicity of these drugs is mediated through the presence of phosphatidylinositol bisphosphate in the membranes of affected cells. Efficient drug screening and elucidation of structure-toxicity relationships may now be based on this drug-receptor interaction.
